Background. Although rupture of an atherosclerotic plaque is considered to be the cause of most acute coronary syndromes, the mechanism of plaque rupture is controversial.
Although rupture of an atheromatous lesion generally is considered to be the most common initial event leading to acute coronary syndromes, mechanisms of plaque rupture are not fully understood.1-3 A variety of biomechanical factors have been postulated to play a role in plaque rupture, including hemodynamic shear stresses,4 turbulent pressure fluctuations,s transient compression,6 mechanical shear stresses,7 sudden increases in intraluminal pressure,8 and rupture of the vasa vasorum.9 Another factor that may predispose a given plaque to rupture is tensile stress concentration within the wall of the lesion. In a diseased artery, regions of high stress may be caused by variations in both luminal geometry and subintimal structure of the lesion; for example, because soft lipid pools in the diseased vessel are unable to bear significant stresses, regions with concentrations of high stress develop near lipid pools.
Finite element analysis is an engineering technique widely used to study complex structures. By dividing the complex structure into much smaller sections (finite elements) and using powerful computers, the distribution of stress within the original structure can be estimated. Using the method of finite element analysis to model the structure of coronary lesions, Richardson et al'0 have shown that high tensile stresses concentrate at the ends of plaque caps with underlying lipid pools. Their study of idealized plaque geometries supported by morphology studies of actual coronary lesions suggests that these stress concentrations may contribute to rupture vulnerability. However, atherosclerotic lesions are complex, and detailed data regarding stresses based on specific coronary lesions are limited. The association between locations of rupture and regions of high stress concentration in individual diseased vessels could explain why luminal geometry based on coronary angiography has been a poor predictor of plaque rupture."112 Therefore, this study was designed to test the hypotheses that plaques rupture near regions of high tensile circumferential stress and that these stresses are higher than those found in stable lesions.
Methods

Specimens
All specimen selection and processing were performed by investigators who were not involved in the finite element analysis. Twenty histological specimens were randomly selected from previously described specimens from patients who had died of acute plaque rupture complicated by coronary thrombosis and myocardial infarction at Cedars Sinai Medical Center; specimens were fixed in the stress-free state.13 Eight of these specimens were determined to have undergone too much disruption for reconstruction of the prerupture morphology and were rejected from the study. Twelve "stable" control specimens then were randomly chosen from a group of unruptured coronary lesions from patients with no evidence of coronary thrombosis from the same time period from by guest on April 17, 2017 http://circ.ahajournals.org/ lesions (p<0.0001) ( Figure 1 and Table 2 ). The 12 ruptured lesions had a total of 31 regions of high stress concentration, defined as stress of more than 300 kPa (2,250 mm Hg). All ruptured lesions had at least one region of high circumferential stress (mean, 2.6±1.4 high stress region per specimen); only one control lesion had a single region of peak stress of more than 2,250 mm Hg. Examples of analyses for a ruptured lesion and a control lesion are shown in Figures 2 and  3 , respectively.
Locations of Rupture and Stress Concentration Regions
The angle between the location of peak circumferential stress and the rupture site in each of the test lesions was calculated (Figure 4) . The angle between the highest circumferential stress concentration and rupture location ranged from -137°to +90°. Seven of 12 plaques (58%) ruptured within 15°of the highest stress region. The 95% confidence interval for the angle between the rupture site and peak stress location was -27°to +42°.
Although not all plaques ruptured at the peak circumferential stress region, most plaque ruptures occurred very close to a region of high circumferential stress. Ten of 12 ruptures (83%) occurred within 15°of a high stress region; the angle between the nearest stress concentration region and rupture site ranged from -140 to + 370. The 95% confidence interval for the angle between rupture site and the nearest stress concentration region was -3°to + 160. Sensitivity Analysis One model with both calcium and lipid pools was selected to evaluate the sensitivity of peak stress estimates by finite element analysis to wide variations in material parameters (Table 3) . Values for peak circumferential stress were changed by less than 22% for changes in plaque E, or E, of -40% to + 100%. Changes in the Poisson's ratios (P,, and ve) of -90% to +900% led to changes in peak circumferential stress of less than 9%. Changes in artery material properties of up to +900% had minimal effect (<1%) on peak circumferential stress because almost all stress was borne by the plaque. Changes in lipid Young's modulus of -90% and +900% led to changes in peak stress of +26.2% and -46.3%, respectively; this was expected because the material properties of the lipid pool are important factors in determining the location of stress concentrations. When lesions were modeled with fat around the vessel, the stress distribution within the plaque was identical. When a secondary analysis using a large strain isotropic model was used, estimated stresses were significantly lower (Table 2) ; however, the peak stresses in the ruptured lesions were still significantly higher than peak stresses in control lesions. The locations of the peak stress values using the isotropic model were virtually identical to those obtained using the transversely isotropic model.
Discussion
Based on morphological data and structural analysis of idealized plaque configurations, Richardson et If high circumferential stresses significantly predispose a plaque to rupture, why do plaques sometimes rupture at secondary stress concentration regions and not at the location of maximum stress? One likely explanation is that the "critical level" of stress required to rupture atheromatous tissue is not a uniform value throughout a given lesion; atherosclerotic materials are heterogeneous, which is one reason why biomechanical data on these tissues are limited. Because the plaque also is a biologically dynamic environment, with smooth muscle cells, macrophages, platelets, and other cells cooperating in the remodeling of its extracellular matrix, a lesion's strength may vary with time. Regions of plaque tissue heavily populated with macrophages rupture at lower stresses than do regions with few macrophages.24 Thus, the site where rupture occurs will depend on the relative locations of both stress concentrations and local defects in plaque strength.
Clinical Implications
Current approaches to the management of patients with acute coronary syndromes are primarily directed at limiting the extent of damage once catastrophic plaque rupture occurs. The development of reliable methods for identifying vulnerable plaques and intervening before rupture will require improved understanding of the mechanism of plaque rupture. Although coronary angiography is the clinical standard for diagnosing coronary artery disease, the method poorly predicts the site of a subsequent plaque rupture that will lead to myocardial infarction.""2 The present study indicates that characterization of subintimal structure through imaging modalities such as intravascular ultrasound or magnetic resonance imaging may be useful in identifying vulnerable plaques. Studies of idealized geometries suggest that lipid pools close to the lumen (i.e., thin fibrous caps) will dramatically increase peak stress in the lesion; in addition, increasing stenosis severity does not appear to increase circumferential stress significantly.' Catheter-based ultrasound transducers may be used to assess anatomical structure and components of atherosclerotic lesions as well as predict important mechanical properties of plaque.18'25-27 Unfortunately, no currently available clinical method provides the antemortem subintimal structural detail required for the type of finite element analysis used in this study.
The results of this study may support a rationale for the use of cholesterol-lowering therapy beyond its inhibitory effects on atherogenesis. Investigators involved in the FATS study found that cholesterol-lowering therapy dramatically reduced the incidence of acute events in hypercholesterolemic men but had minimal effect on stenosis severity.28 A potential explanation for this is that cholesterol-lowering therapy may stabilize plaque structure through regression of underlying lipid pools and replacement by fibrous tissue. In addition, changing the mechanical properties of the lipid pool can lead to significant changes in stress in the plaque.
Study Limitations
The finite element analysis of preruptured coronary lesion structure was necessarily performed on geometric reconstructions of postrupture specimens. Changes caused by introduction of sharp corners or other artifacts of reconstruction could influence these results; for example, a smoother lumen might give lower peak estimates for stress. Several measures were taken to minimize potential errors in the reconstruction process and biases that could enter into the finite element analysis. The tracings were performed by an investigator who did not participate in the structural analysis; the accuracy of the tracings was reviewed by additional investigators who were not involved in the finite element analysis. In turn, the investigators performing the finite element analysis did not have access to the original specimens, and neither the identities of control and ruptured test lesions nor the locations of rupture were available during the analysis. We believe that a prospective clinical study of prerupture configurations and subsequent rupture will be possible only if current coronary imaging modalities (e.g., intravascular ultrasound) improve dramatically.
Because the structural analysis in this study was based on the cross-sectional geometry of the coronary artery, luminal and subintimal geometry was assumed to be essentially independent of axial position. However, irregularities along the length of the lesion may be noted that large strains in these models may lead to inaccuracies that should be considered. Although lower stress values were obtained using large strain isotropic models, the differences in peak stress between the ruptured and control lesions were still clearly present, and the locations of the peak stress values were virtually identical. By assuming that plaque, lipid, calcium, and normal arterial wall each could be characterized by a single set of structural parameters, spatial or interspecimen variations within a particular component were not considered in this study; these may have the effect of creating new regions of high stress or increasing magnitudes of preexisting stress concentrations. Errors in calculating tensile stresses arising from inaccurate parameter estimation probably were small because the sensitivity analysis yielded relatively narrow ranges of stress concentration magnitudes computed over a wide range of most material parameters. Note, however, that shear stresses at boundaries between materials of markedly different stiffnesses were not addressed and may be extremely sensitive to parameter selection.7 The analysis of these lesions neglected the twisting and bending of the artery that occur during the cardiac cycle. In addition, the effects of varying amounts of perivascular myocardium and fat were not considered.
This study examined the tensile stress distribution due to a static load of mean arterial pressure. It is tempting to extrapolate stress in a linear fashion with respect to the pressure load. However 
